The effects of fentrazamide [4-(2-chlorophenyl)-N-cyclohexyl-N-ethyl-4,5-dihydro-5-oxo-1H-tetrazole-1-carboxamide] on the growth and morphology of Echinochloa crus-galli (L.) Beav. and Echinochloa oryzicola Vasing. were investigated. Fentrazamide at 250 g a.i. ha Ϫ1 showed high efficacy on weeds up to the 3-leaf stage. The growth of the subsequent leaves was retarded by the herbicide and dark green coloration appeared, and then the basal part of leaf sheathes underwent necrosis. The cell elongation and cell division of Echinochloa spp. were inhibited by fentrazamide. These effects were also observed on plants treated with mefenacet [2-(2-benzothiazoyloxy)-N-methyl-N-phenyl-acetamide].
Introduction
Fentrazamide developed by Bayer CropScience K. K. is a new grass-killer in the class of carbamoyltetrazolinones. It stably controls Echinochloa spp. from preemergence to the 3-leaf stage at a dose range of 200-300 g a.i. ha Ϫ1 with excellent safety on transplanted rice. [1] [2] [3] In spite of many years of research, the mode of action of fentrazamide remains obscure. Fentrazamide inhibited the biosynthesis of very long chain fatty acids as well as chloroacetamides, oxyacetamides, including mefenacet, cafenstrole and thenylchlor. [4] [5] [6] [7] [8] Fedtke and Hess et al. reported that the morphological effect of mefenacet on green algal cells was similar to that observed for thiocarbamates and chloroacetamides. 9) The macroscopic symptoms of mefenacet on E. oryzicola were dark green coloration, stunting of leaves, and strong growth inhibition of plants. 10) Anatomical results showed that mefenacet inhibited the upward growth of subsequent leaves, and the differentiation and growth of crown roots and lateral buds. 11) In this study, morphological and anatomical effects of fentrazamide on the growth of E. crus-galli and E. oryzicola were compared with those of mefenacet.
Materials and Methods

Effect on growth
Seeds of E. crus-galli and E. oryzicola were germinated on moist filter paper in a Petridish in the dark at 25°C for 3 days. The germinated seeds of Echinochloa spp. were planted 5 mm deep in 400 cm 2 pots containing clay soil, and the pots were placed in a greenhouse. The temperature and humidity in the greenhouse were controlled at 25Ϯ3°C and 70-80%, respectively. The water depth in pots was kept at 3 cm on the soil surface during the test period. Granule formulation containing 2.0% of fentrazamide at the rates of 250 and 125 g a.i. ha Ϫ1 and 4.0% of mefenacet at rates of 1000 and 500 g a.i. ha
Ϫ1
were applied to the water surface in pots at the growth stages of 1, 2, 3 and 4 leaves of weeds. Growth progression and herbicidal symptoms on the weeds were evaluated every day after the application. The herbicidal efficacy and fresh weight were evaluated on 10 plants at the end of the 21-day experimental period. The experiment was conducted three times with similar results.
Effect on morphology
The weeds were grown in pots as mentioned above. Granule formulations of fentrazamide at 300 g a.i. ha Ϫ1 and of mefenacet at 1000 g a.i. ha Ϫ1 were applied to the water surface in pots at the 1-, 2-and 3-leaf-stage of weeds. 
Effect on cell elongation
The weeds were grown in pots as mentioned above. Granule formulations of fentrazamide at 300 g a.i. ha Ϫ1 and of mefenacet at 1000 g a.i. ha Ϫ1 were applied to the water surface in pots at the 1-leaf stage of weeds. The plants were harvested 7 days after herbicide application. The length of the 2nd leaf sheath of 20 plants and the cell length of abaxial epidermis of the 2nd leaf sheath (50 cells per plant with 20 plantsϭ1000 cells) were measured. The experiment was conducted twice.
Results
Macroscopic observation
Fentrazamide at 250 g a.i. ha Ϫ1 showed high efficacy on E.
crus-galli and E. oryzicola up to the 3 leaf-stage (Table 1) . Mefenacet at 1000 g a.i. ha Ϫ1 was also effective for the control of both weeds up to the 3-leaf stage. Fentrazamide at 250 g a.i. ha Ϫ1 was equivalent to mefenacet at 1000 g a.i. ha
Ϫ1
in the efficacy in this test. During the first 3 days after treatment, fentrazamide did not induce changes in visible injury symptoms on plants. After 5 days after treatment, the growth of subsequent leaves was retarded and dark green coloration appeared, and then the basal part of leaf sheathes underwent necrosis at 7-10 days. These symptoms were also observed on plants treated with mefenacet.
Microscopic observation
The E. oryzicola treated with both herbicides at preemergence showed primordia of the first crown root at the coleoptile node, but they did not leave these mesocotyl. No further root primordium was observed on the sections (Fig. 1 ). On the other hand, untreated plants showed the first crown root at the coleoptile node, which had grown to the outside of the mesocotyl and a primordium of the second crown root 7 days after application. The first foliage leaf and the following leaves of plants treated with those herbicides did not leave the coleoptile. Comparing the tissues of the first leaf, the cells of untreated plants elongated in a longitudinal direction and lysigenous aerenchyma were observed on its sections, while the cells of plants treated with fentrazamide and mefenacet were longitudinally inhibited and lysigenous aerenchyma was not observed. Fentrazamide and mefenacet affected the elongation of cells in the longitudinal direction. A primordium of an axillary bud at the first leaf was observed, but no axillary bud was confirmed on the sections of plants treated with both herbicides. Microscopic observation on sections of E. crus-galli brought the same result. Cross sections of E. oryzicola at an apical meristem harvested 7 days after treatment at the 1-leaf stage are shown in Fig. 2 . Untreated plants grew at 2.4-leaf stage on average at harvest. Lysigenous aerenchyma was observed not only in the leaf sheath of the first leaf, but also in the leaf sheath of the second leaf. The tissues of the third, fourth, fifth leaves and apical meristem were darkly stained by hematoxylin. Spaces between leaf sheaths were clearly observed on untreated cross sections. Plants treated with both herbicides showed lysige- 
Echinochloa crus-galli nous aerenchyma in the first leaf sheaths which were almost developed at treatment of the 1-leaf stage, but they did not form lysigenous aerenchyma in the second leaf sheaths. The tissues of the second and following leaves and apical meristem were darkly stained by hematoxylin. No or few spaces between leaf sheaths were observed on treated cross sections. Microscopic observation of the cross sections treated with fentrazamide and mefenacet was similar. Longitudinal sections of E. oryzicola harvested 7 days after treatment at the 2-leaf stage are shown in Fig. 3 . Depressed internodal growth and inhibited normal foliation at the main stem and axial buds in plants treated with fentrazamide and mefenacet were observed.
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Effect on cell elongation
The length of the 2nd leaf sheath at the 1-leaf stage of E. crus-galli was 0.4 mm on average and elongated 7 days later to 80 mm, 200-fold, in untreated plants (Table 2 ). In plants treated with fentrazamide at 300 g a.i. ha Ϫ1 and mefenacet at 1000 g a.i. ha Ϫ1 , the 2nd leaf sheath elongated to 2.9 mm and 3.2 mm, 7.25-and 8-fold, respectively. The cell length of abaxial epidermis of the 2nd leaf sheath was 13.0 mm on aver- These results suggested that the treatment of fentrazamide and mefenacet also inhibited cell division. The cell length of the abaxial epidermis of the 2nd leaf sheath of E. crus-galli was used to create a histogram (Fig. 4) . The histogram of fentrazamide overlapped that of mefenacet. This tendency was also observed for E. oryzicola.
Discussion
The macroscopic symptoms of E. crus-galli and E. oryzicola treated with fentrazamide at 250 g a.i. ha Ϫ1 in the greenhouse test were dark green coloration, stunting of leaves and strong growth inhibition of plants, which were very similar to those caused by mefenacet at 1000 g a.i. ha Ϫ1 . Microscopic observation on meristematic tissues of both Echinochloa species treated with fentrazamide and mefenacet provided some common results: i) depressed internodial growth; ii) inhibited nor- mal foliation at the main stem and axial buds; iii) inhibition of cell elongation in the longitudinal direction; iv) the inhibition of the differentiation and growth of roots and lateral buds; v) deep staining of the nuclei of leaves, lateral buds, procambium, vascular tissue and root primordial. We previously reported macroscopic and anatomic symptoms of E. oryzicola caused by mefenacet treatment, 11) which were similar to those caused by fentrazamide in this paper. Hess et al. showed that mefenacet inhibited both cell division and cell enlargement with Clamydomonas reinardtii and A. sativa.
12) The reduction of the whole length and cell length of abaxial epidermis of the 2nd leaf sheath of Echinocholoa spp. treated with fentrazamide suggested that the compound inhibited cell elongation in the longitudinal direction and cell division, and these phenomena were similar in plants treated with mefenacet. In addition, the symptoms caused by fentrazamide were also similar to those of metolachlor, 2-chloro- 13) and butachlor, N-butoxymethyl-2-chloro-2Ј,6Ј-diethylacetanilide. 14) It has been shown anatomically that newly developing and differentiating cells of the shoot axis were inhibited by metolachlor. In these cells, the cell walls became very pronounced. The elongation of internodes was reduced by butachlor. Vascular bundles were altered in number and cell arrangement. Branched roots from coronal roots and root hairs were also reduced by butachlor. Microscopic observation of cross sections treated with fentrazamide in this paper was similar to those of metolachlor 7) and butachlor. 14) Although chloroacetamides and oxyacetamides were described as inhibitors of both cell division and cell enlargement, 11, 15) a recent study revealed that chloroacetamides like thenylchlor, 2-chloro-N-(2-ethyl-6-methylphenyl)-N-[(1-methylethoxy)methyl]acetamide 6) and chloroacetanilides including pretilachlor, 7) inhibited the biosynthesis of very long chain fatty acids (VLCFAs) as well as oxyacetamides, including mefenacet 8) and cafenstrole, N,N-diethyl-3-(2,4,6-trimethylphenyl)sulfonyl-1H-1,2,4-triazol-1-carboxamide). 8) Physiological and biochemical studies have shown that fentrazamide inhibited the formation of VLCFAs, similar to chloroacetamides and chloroacetanilides.
16) The mode of action of fentrazamide has been considered to be the inhibition of cell division or fatty acid elongation. From a morphological point of view, the difference in the mode of action between mefenacet and fentrazamide was not clear. A recent report suggests that protein decomposition might be involved in the mode of action of fentrazamide. 17) Further studies will be necessary to clarify the mode of action of fentrazamide from the view points of physiology and biochemistry.
